The transparent conductive molybdenum-doped zinc oxide (MZO) was deposited onto a flexible polyethersulfone (PES) substrate by using an ion beam sputtering system. An argon ion beam was used to sputter an MZO target at constant pressure of 0.67 Pa and substrate temperature of 130
Introduction
Transparent conductive oxide (TCO) thin films have become indispensable electrode materials in current optoelectronic products [1] [2] [3] [4] . The most applied material system nowadays is indium tin oxide (ITO) [5] . However, the rareness and environmental hazard of indium are forcing us to search new alternative materials. A qualified TCO material must exhibit low film resistivity about 10 −4 Ω cm and visible light transmittance of 80%. Over all candidates, zinc oxide shows industrial advantages on low cost, low depositing temperature, and being easy to be etched and inner to hydrogen plasma [6, 7] . The electrical conductivity of zinc oxide depends on the free carrier concentration contributed by oxygen vacancies or interstitial metal atoms in it [8] . Thus, to form a zinc oxide-based TCO semiconductor structure by doping the group 13 and 14, such as aluminum, gallium, or boron, is a well-known method for improving the conductivity of zinc oxide [9] . Substitution of Mo atoms for Zn sites in zinc oxide can originate extrinsic carriers, which makes the molybdenum-doped zinc oxide (MZO) the most potential one of these materials.
In comparison with the conventional glass substrates, transparent polymer substrates can be more ductile, flexible, light weighted, and formable, which make them the best chosen TCO-deposited substrates for flexible electronics, currently. However, their low thermal tolerance restricts the process temperature of other integrated materials. Various low temperature deposition techniques for TCO layers have been developed, such as pulsed laser deposition (PLD) [10] , high power impulse magnetron sputtering (HiPIMS) [11] , facing targets sputtering deposition (FTS) [9] , ion beam assisted deposition (IBAD) [12] , ion beam sputtering deposition (IBSD) [13, 14] , and dual ion beam sputtering deposition (DIBSD) [15] . In an ion beam sputter system, an argon ion beam generated from the ion source is used to sputter atoms on target surface. The high kinetic energy transferred from the incident argon species to the sputtered target material species provides adatoms the required activation energy for the nucleation and grain growth of films. It enables the deposition of crystalline MZO films onto the polyethersulfone (PES) substrates at a low processing temperature. In this research, the influences of additional oxygen flow rate on the film crystallinity, surface morphology, and optical transparency and resistivity are studied. out in a customized IBSD system (JUNSUN TECH IBS-600).
Experimental Procedures
The schematic diagram of this coating system is shown in Figure 1 . In this system, one Kaufman-type convergent argon ion source (Veeco 05DC-PKG ASSY) with a plasma bridge neutralizer (PBN) is used for sputtering the MZO target. Prior to the film deposition, substrates were ion bombarded for 10 min to decontaminate and to flat the PES surface by using one KRI EH-200 end-Hall-type divergent argon ion source with a hollow cathode electron source neutralizer. After vacuuming the deposition chamber to the pressure of 1.3 × 10 −5 Pa, argon gas with a constant flow rate was inlet, and a constant setting pressure of value was controlled by automatic vacuum valve.
For isolating the water or polymer vapor transmission from PES substrate into following MZO film, a single thin SiO 2 layer was first coated without applying assistant ion beam. The deposition conditions of SiO 2 layer are listed in Table 1 . This SiO 2 layer could also buffer the compressive stress in MZO and the consequent rumpling due to the substrate shrinkage. The sequent MZO depositions were carried out, respectively, under the conditions listed in Table 2 . Oxygen at various flow rates between 0 to 12 sccm was admitted individually for studying the influences of additional oxygen. The beam energy for sputtering argon ion source was set at 700 eV with a beam current of 50 mA for obtaining a film growth rate of 0.05 nm/s.
The film crystal structure is analyzed by using a Bruker D8-SSS multipurpose thin-film X-ray diffractometer (XRD), at a grancing incident angle of 1.8
• with a scan rate of 3 • /min from 2-theta 20
• to 60
• . A HITACHI S-4800 field-emission scanning electron microscope (FESEM) was used to observe the surface and the cross-sectional morphology of films. The composition and the bonding of deposits were analyzed by using ULVAC-PHI Electron Spectroscopy for Chemical Analysis (ESCA) with Al(K α ) X-ray. The spectra were collected after removing a 20 nm in deepth contaminated surface layer via the accessory argon ion beam. The electrical resistivity of Journal of Nanomaterials by following dependence on absorbency coefficient α
where hν is the incident photon energy. A is a constant and m = 1/2 and 2 for direct and indirect band gap energy, respectively. The plots of (αhv) 2 and (αhv) 1/2 versus photon energy were compared. The graphs of (αhv) 2 versus hv were found to be more straight lines over the whole optical absorption spectra, which indicates a direct rather than an indirect band gap for MZO films in this study. By extrapolation of the (αhv) 2 value to zero, the intercept at photo energy can be obtained as the optical band gap of the deposited MZO. The figure of merit (FOM) at different wavelengths, T 10 /R s , where 10 is the most favorable order of magnitude to transmissions of 0.90 [16] , for each specimen is calculated from measured optical transmittance, T, and sheet resistance, R s .
Results and Discussion
The XRD patterns of MZO-deposited specimens are shown in Figure 2 . There are only diffraction peaks of hexagonal wurtzite phase ZnO, labeled as W(100), W(002), and W(101), and no diffraction of other compound phase is found. This demonstrates that the deposited MZO presents a polycrystalline wurtzite structure. It concurred with the Qu's work of ZnO film deposited in utilizing a similar technique [17] . The crystal orientations of MZO change with the oxygen flow rate. This trend was also found in RF magnetron sputter deposition of aluminum-doped zinc oxide (AZO) by Tsuji and Hirohashi [18] . Unlike the MZO film deposited without admitting oxygen flow, all other films deposited with introducing oxygen gas exhibit a significant diffraction peak of W(100). Introducing additional oxygen gas increases the probability of reactions between oxygen, zinc, and molybdenum species, which reduces the vacancies in the lattice, changes the lattice constants, and increases internal stress state. Consequently, the orientation of W(100) in films forms. The surface and cross-sectional morphologies of MZO films deposited at different oxygen flow rates are shown in Figure 3 . The surface projections, also called domains [19] , and columnar grains both widen with oxygen flow rate, which reflects the above-mentioned orientation change. Such orientation alteration was also reported in RF magnetron sputter deposition of ITO by Wu and Chiou [19] . In the ion beam assisted evaporation of ITO, the surface projections also widen with the oxygen ion beam energy [20] . Both researches indicated that the excess oxygen in lattice increases the internal stress of the film. The cumulated stress drives the grain growth orientation in films to polygonization and subgrain boundary.
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The O 1s and Zn 2p 3/2 peaks in ECSA spectra of MZO films deposited at different oxygen flow rates are shown in Figure 4 . The O 1s peaks usually exhibit between 530.0 to 531.6 eV. The bonding with lower energy, near 530.0 eV, belongs to lattice O 2− in hexagonal wurtzite, and the bonding near 531.6 eV could be contributed by the absorbed oxygen or oxygen-contained molecular on film surface or in defects [21] . The O 1s peak in MZO shifts from lower to higher energy level, which implies that the added oxygen flow rate during the deposition increases the amount of absorbed oxygen on film surface or trapped oxygen in defects. Excess absorption of oxygen in the film reduces the concentration of oxygen vacancy and consequent conductivity [22] . The Zn 2p 3/2 bonding energy slightly shifts from 1022.0 to 1022.2 eV. Without additional oxygen, most of zinc remains a Zn 2+ state in the oxygen vacancy rich ZnO 1−x film, although the addition of oxygen makes a more stoichiometric ZnO. Figure 5 shows the ESCA Mo 3d peak of MZO film deposited without introducing oxygen. This peak can be decomposed into two components, Mo 3d 5/2 (231.4 eV) and Mo 3d 3/2 (234.5 eV). It reveals that the molybdenum in MZO presents the Mo 6+ state, which concurs with the Meng's results [23] . However, as shown in Figure 6 , both the estimated binding energies of Mo 3d 5/2 and Mo 3d 3/2 reduce with the oxygen flow rate. It could be due to the increased binding of Mo 6+ to excess oxygen; the Mo 6+ acquires a valence electron from outer shell of O 2− and turns into Mo 5+ state, which causes the downward shift of Mo 3d [24] . The fractions of O, Zn, and Mo in MZO film deposited at different oxygen flow rates are shown in Figure 7 . The oxygen fraction in film increases with the oxygen flow rate, which confirms the above-mentioned absorption of excess oxygen. Similar consequence has also been found in the dual ion beam sputter deposition of ZnO [21] .
The electrical resistivity, the carrier mobility, and the carrier concentration of each MZO-coated PES prepared at different oxygen flow rates are shown in Figure 8 . The MZO deposited without additional oxygen shows the lowest resistivity of 8.32 × 10 −3 Ω cm. The resistivity increases with the oxygen flow rate. The same trend has also been reported in ion beam sputter deposition of ITO films [25] and facing targets sputtering deposition of aluminum-doped zinc oxide (AZO) films. It could be due to both the carrier mobility and the carrier concentration decreasing with the oxygen flow rate. According to results of MZO crystallinity, the increased grain and subgrain boundaries might be the main reason to retard the carrier mobility in films deposited with additional oxygen flow [26] . The lesser oxygen vacancy and Mo 6+ in a relatively stoichiometric film deposited with oxygen flow might be the reason reducing the carrier concentration.
The transmittance spectra of MZO-coated PES prepared at different oxygen flow rates are shown in Figure 9 (a). The specimens deposited without additional oxygen flow present an average transmittance of 81.3% for visible region and an absorption edge at shorter wavelength. Other specimens deposited with introducing oxygen flow show slightly lower average transmittance values between 79.2 to 80%. It could be due to the scattering by increased internal boundaries [27] . The optical absorption edge in near-ultraviolet region also shifts toward visible region with the oxygen content. The estimated optical band gap shown in Figure 9 (b) clearly presents a same tendency, decreasing from 3.46 to 3.20 eV. It corresponds to the decrease of carrier concentration as shown in Figure 8 . According to the Moss-Burstein bandfilling effect [28] , for a semiconductor with excess carriers, its conduction band or valence band will be filled with some carriers, which make the following carriers require higher energy to excite. It explains that the absorption edge of TCO shifts to longer wavelength (lower energy) with decreasing carrier concentration [29] . Based on the results of transmittance and resistivity, the calculated FOM as shown in Figure 10 also decreases with the deposition oxygen flow rate. The MZO-coated PES deposited without introducing oxygen flow exhibits the highest FOM of 67.3 × 10 −5 Ω −1 .
Conclusions
In this study, a molybdenum-doped zinc oxide (MZO) was deposited onto a flexible polyethersulfone (PES) substrate
Journal of Nanomaterials 7 by using a dual ion beam sputtering system. The influences of oxygen flow rate of the deposition on the acquired MZO films have been investigated. It is found that the film deposited in the atmosphere without introducing oxygen exhibits the best optical transmittance of 82.9% at 550 nm wavelength and electrical resistivity of 8.32 × 10 −3 Ω cm. However, both the optical transmittance and electrical resistivity of films increase with the introduced oxygen flow rate. The additional oxygen flow increases the oxygen fraction and causes a more stoichiometric composition in films, which reduces the oxygen vacancy and the free carrier concentration. The addition of oxygen also promotes the growth of grains and projections in MZO films. These increased boundaries not only reduce the carrier mobility but also cause scattering loss of transmittance for visible light. The decreases of both carrier concentration and carrier mobility result in the lower transparency and conductivity of MZO films deposited with introducing oxygen flow.
